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via an increase in the probability of neurotransmitter
release (Zalutsky and Nicoll, 1990; Castillo et al., 2002;
Maeda et al., 1997; Xiang et al., 1994; but see Yeckel etSummary
al., 1999). The finding that both fast neurotransmitter
release and the induction of mossy fiber LTP require aCa2 influx into presynaptic terminals via voltage-
dependent Ca2 channels triggers fast neurotransmitter rise in the presynaptic Ca2 concentration raises the
basic question whether both of these processes arerelease as well as different forms of synaptic plasticity.
Using electrophysiological and genetic techniques triggered by Ca2 entry via identical Ca2 channel sub-
types. In contrast to the detailed knowledge of Ca2we demonstrate that presynaptic Ca2 entry through
Cav2.3 subunits contributes to the induction of mossy channels mediating fast neurotransmitter release at cen-
tral synapses (Iwasaki and Takahashi, 1998; Qian andfiber LTP and posttetanic potentiation by brief trains
of presynaptic action potentials while they do not play Noebels, 2001; Regehr and Mintz, 1994; Takahashi and
Momiyama, 1993; Wheeler et al., 1996; Wu et al., 1999),a role in fast synaptic transmission, paired-pulse facili-
tation, or frequency facilitation. This functional spe- it has remained unclear which Ca2 entry pathways are
a factor in presynaptic forms of LTP. Mossy fiber LTPcialization is most likely achieved by a localization
remote from the release machinery and by a Cav2.3 can be induced when either N-type or P/Q-type Ca2
channels are blocked (Castillo et al., 1994), and thesechannel-dependent facilitation of presynaptic Ca2 in-
flux. Thus, the presence of Cav2.3 channels boosts the experiments indicate that—aside from N- and P/Q-type
Ca2 channels—additional sources of Ca2 entry couldaccumulation of presynaptic Ca2 triggering presynap-
tic LTP and posttetanic potentiation without affecting contribute to the induction of LTP.
R-type Ca2 channels resistant to organic Ca2 chan-the low release probability that is a prerequisite for
the enormous plasticity displayed by mossy fiber syn- nel antagonists are present at certain presynaptic termi-
nals and may contribute to intraterminal Ca2 increasesapses.
(Qian and Noebels, 2001; Mintz et al., 1995; Wu and
Saggau, 1995; Wu et al., 1998). In the present study weIntroduction
have examined the role of R-type channels in mossy
fiber synaptic transmission and LTP using pharmacolog-Ca2 influx into presynaptic terminals via voltage-depen-
dent Ca2 channels triggers both fast neurotransmitter ical antagonists of these subunits as well as Cav2.3-
deficient mice. Our results demonstrate that Cav2.3release (Katz, 1969) and various forms of short- and long-
term synaptic plasticity (Dittman et al., 2000; Zucker and channels play a role in mossy fiber LTP induction but
not in fast neurotransmission at this synapse.Regehr, 2002). Several different subtypes of Ca2 chan-
nels, including N-, P/Q-, and R-type Ca2 channels, are
known to mediate action potential-induced Ca2 influx into Results
presynaptic terminals (Iwasaki and Takahashi, 1998; Qian
and Noebels, 2001; Regehr and Mintz, 1994; Takahashi Cav2.3 Ca2 Channels Are Required for Mossy
and Momiyama, 1993; Wheeler et al., 1996; Wu et al., 1998, Fiber LTP Induced by Brief Tetani
1999; Westenbroek et al., 1998). Among these different To examine the role of R-type Ca2 currents in mossy
channel subtypes, N- and P/Q-type Ca2 channels are fiber LTP, we have applied low concentrations of Ni2
most important in mediating fast synaptic transmission, (100 M), which preferentially block R-type versus N-
as evidenced by a nearly complete inhibition of synaptic and P/Q-type Ca2 channels (Soong et al., 1993; Zam-
transmission in the presence of N- and P/Q-type block- poni et al., 1996; Schneider et al., 1994). Tetanization of
the mossy fibers under control conditions (4 trains at
100 Hz, 50 stimulations, 3 s apart) resulted in a stable*Correspondence: dirk.dietrich@ukb.uni-bonn.de
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potentiation of fEPSPs to 184%  21% (n  6, Figure tions, 3 s apart) resulted in small but consistent LTP
at the associational-commissural synapse in Cav2.3/1A, filled symbols) 1 hr after tetanization. Blocking
R-type Ca2 channels with 100 M Ni2 resulted in a mice (122%  6%, n 10) and Cav2.3/ mice (123%
5%, n  8), as well as following application of 100 Mpronounced reduction of mossy fiber LTP (107% 16%,
n  5, Figure 1B, p  0.05 compared to control condi- Ni2 in Cav2.3/mice (119%7%, n 11, no significant
differences). Thus, of the two distinct forms of LTP thattions). A similar result was obtained with the putative
R-type-specific antagonist SNX-482 (500 nM), which can be elicited within the CA3 region (Zalutsky and Ni-
coll, 1990), Ca2 influx mediated by Cav2.3 channelsalso reduced mossy fiber LTP (118%  17%, n  5,
Figure 1D, p  0.05 compared to control conditions). appears to be important for mossy fiber LTP only.
Next, we examined mossy fiber LTP in mice lacking
expression of the Cav2.3 subunits (see Experimental Role of Cav2.3 Channels in Fast Synaptic
Procedures). Cav2.3/ mice also showed a marked re- Transmission at the Mossy Fiber-CA3 Synapse
duction in mossy fiber LTP (110%  7.6%, n  6, p  Having ascertained that R-type Ca2 channels signifi-
0.05, Figures 1C and 1D). Thus, Cav2.3 channels are cantly contribute to the presynaptic Ca2 accumulation
required for mossy fiber LTP induced by a series of brief necessary for LTP and PTP induction, the question
tetani. arises whether R-type channels also contribute to the
If a rise in the presynaptic Ca2 concentration triggers highly localized Ca2 transient that triggers fast neuro-
the induction of mossy fiber LTP, the question arises transmitter release induced by a single action potential.
whether a stronger tetanization can restore LTP even in In this case, even a small reduction in R-type current
the absence of Cav2.3 channels. In order to increase amplitude should lead to a significant reduction of trans-
accumulation of presynaptic Ca2, we prolonged the mitter release because the relationship between intra-
tetanic stimulation 2-fold without altering the total num- cellular Ca2 and release probability is highly nonlinear
ber of stimulations (2 trains at 100 Hz, 100 stimulations (Dodge and Rahamimoff, 1967). This, however, was not
each, 10 s apart). This stimulation protocol did not fur- the case: blocking R-type channels by perfusion of 100
ther enhance the potentiation of synaptic transmission M Ni2 did not reduce fEPSP amplitudes (100% 5.8%
in wild-type mice (194%  8.0%, n  4, Figure 1E), of preapplication baseline, n 5, Figure 2A). In contrast,
indicating that the LTP induction is maximal with the low concentrations (300 M) of the unspecific competi-
brief tetanization protocol. In contrast, when Cav2.3- tive Ca2 channel antagonist Co2 (Nachshen, 1984),
mediated currents were reduced by 100 M Ni2, the which reduced presynaptic Ca2 entry to a similar de-
long stimulation protocol restored a normal potentiation gree as 100 M Ni2 (cf. Figures 6D and 6G), caused a
of synaptic transmission (196%  10%, n  5, Figure strong reduction of mossy fiber fEPSPs (to 51% 2.5%,
1E) that was significantly larger when compared to the n  6, Figure 2B).
potentiation obtained with the short stimulation para- Expression of mossy fiber LTP is associated with an
digm under Ni2. A similar significant, albeit not com- increase in neurotransmitter release probability (Lopez-
plete, restoration of mossy fiber LTP was seen in mice Garcia et al., 1996; Tong et al., 1996; Zalutsky and Nicoll,
lacking Cav2.3 subunits (163%  10% potentiation, n  1990; Castillo et al., 2002; Maeda et al., 1997; Xiang et
al., 1994), and our data demonstrate that Cav2.3 chan-3, data summarized in Figure 1E, leftmost bar graph),
indicating that increased Ca2 accumulation via chan- nels are required when this form of LTP is induced by
brief tetani. Thus, it could be that the increased releasenels other than Cav2.3 can restore mossy fiber LTP.
Apart from the induction of LTP, the amount of post- probability is due to an improved coupling of Cav2.3
channels to the release process. This should result intetanic potentiation (PTP) is also considered to be de-
pendent on the intraterminal Ca2 concentration follow- increased sensitivity of mossy fiber fEPSPs to block of
Cav2.3 channels. We therefore induced mossy fiber LTPing tetanic stimulation (Regehr et al., 1994). We therefore
analyzed whether PTP is altered in parallel to changes in with the brief stimulation protocol (4  50 stimuli), re-
sulting in a potentiation to 188%  10% (n  6) 30 minthe amount of LTP in the different experimental groups.
Indeed, PTP after brief tetanic stimulation in wild-type after tetanization (corresponding to time point 1 in Figure
2C). As under baseline conditions, mossy fiber fEPSPsmice (850%  100%, n  6) was significantly reduced
following application of Ni2 (497%  53%, n  5) and were not sensitive to application of 100 M Ni2 (98%
9.1% of preapplication baseline, n  6). These resultsSNX-482 (516%  111%, n  5) and in Cav2.3/ mice
(539%  96%, n  6, Figure 1D, rightmost bar graph). indicate that presynaptic Cav2.3 channels are neither par-
ticipating in fast neurotransmitter release nor do they playMoreover, following stimulation with a series of long
tetani, the amplitude of PTP under Ni2 and in Cav2.3- a role as expression mechanism of mossy fiber LTP.
We next examined the involvement of Cav2.3 channelsdeficient mice was restored to control levels, similar to
the rescue of mossy fiber LTP (Figure 1E, rightmost bar in other forms of synaptic plasticity that require only
single or low-frequency stimulation. Paired-pulse facili-graph).
In contrast to LTP at the mossy fiber synapse, LTP in tation, expressed as a marked increase of the fEPSP
elicited by the second of two stimuli (40 ms interval),the associational-commissural input onto CA3 neurons
requires activation of NMDA receptors and a rise in was not different in wild-type and Cav2.3/ mice, as
well as following preincubation of 100 M Ni2 in wild-postsynaptic Ca2 concentration and is not thought to
rely on presynaptic induction mechanisms (Zalutsky and type mice (Figures 3A and 3B). Likewise, the characteris-
tic potentiation of fEPSPs during low-frequency stimula-Nicoll, 1990). Hence, we tested whether LTP in this path-
way also requires activation of R-type channels. Tetani- tion (1 Hz, 10 stimulations) was unaltered in either
Cav2.3/ mice or following preincubation with 100 Mzation with a protocol that induces mossy fiber LTP
requiring Cav2.3 channels (4 trains at 100 Hz, 50 stimula- Ni2 (Figures 3C and 3D).
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Figure 1. Role of Cav2.3 Ca2 Channels in Mossy Fiber LTP
(A) Tetanization of the mossy fiber pathway with 4 trains of high-frequency stimulation (50 impulses, 100 Hz, 3 s apart) results in pronounced
posttetanic potentiation (PTP) and stable LTP in wild-type mice (n  6) compared to control experiments in which no tetanic stimulation was
applied (n  3 [open symbols]).
(B) The same tetanic stimulation applied in Cav2.3/ mice following preincubation (50 min) with 100 M Ni2 yielded smaller PTP and virtually
complete inhibition of mossy fiber LTP (n  5) compared to untetanized controls (n  3 [open symbols]).
(C) Similarly, mossy fiber LTP was virtually absent in mice lacking Cav2.3 subunits (n  6) compared to untetanized controls (n  3 [open
symbols]). Representative example traces in (A) to (C) are averages of 10 sweeps and were obtained immediately before and 1 hr after
tetanization (time points indicated by numbers).
(D) Summary of the amount of PTP (rightmost bar graph) and of LTP (leftmost bar graph) 1 hr after mossy fiber tetanization in the different
experimental groups (100 M Ni2, 500 nM SNX-482).
(E) Mossy fiber LTP and PTP in the presence of Ni2 was restored to control levels by prolonging the duration of the tetani used to induce
LTP (2 trains, 100 impulses, 100 Hz, 10 s apart). Note that LTP and PTP in Cav2.3/ animals was partially restored only. In all experiments
depicted in (A) to (E), the group II metabotropic glutamate receptor agonist DCG-IV was applied (3 M) to verify mossy fiber origin of fEPSPs
(see horizontal bars in A to C).
(F) Associational-commissural fiber LTP in the CA3 region (4 trains, 100 Hz, 50 impulses, 3s apart) is unchanged in wild-type mice (n  10),
Cav2.3/ mice (n  8) and following application of 100 M Ni2 in wild-type mice (n  11). In all experiments, significant differences to control
are indicated by an asterisk.
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series of action potentials. If this is the case, then Cav2.3
channels might also be able to initiate release with such
a stimulation paradigm. To test this hypothesis, we
blocked all presynaptic Ca2 channels except R-type
channels by coapplying 	-conotoxin MVIIC (3 M),
	-conotoxin GVIA (2 M), and 	-agatoxin IVa (500 nM).
As expected, and described previously (Castillo et al.,
1994), these blockers completely abolished EPSCs
evoked by a single stimulation of mossy fibers, both
in Cav2.3/ and Cav2.3/ mice (Figures 4A and 4B,
respectively, n  4 and n  5). After at least 20 min
perfusion of the Ca2 channel toxins, we applied a brief
high-frequency tetanus (20 impulses, 100 Hz) to induce
accumulation of presynaptic Ca2 entering through
R-type channels. There was no response to the first 5–6
stimulations in the train, but subsequent stimuli elicited
single EPSCs as well as a tonic synaptic current compo-
nent, resulting in a cumulative inward current in wild-
type mice (charge transferred 36  16 pC, Figures 4C
and 4G, n  4). In contrast, during the same train of
stimuli applied to mice lacking the Cav2.3/ subunit,
we never observed single EPSCs and the tonic current
component was hardly detectable (1.8  1.1 pC, n  5,
Figures 4D, upper panel, and 4G). When we extended the
stimulation from 20 to 100 impulses (100 Hz), a synaptic
response could be rescued in Cav2.3/ mice (Figure
4D, lower panel). A tonic current component became
apparent late in the train (after more than 50 stimuli).
However, although the period of stimulation was pro-
longed 5-fold, this response was still significantly
smaller than that observed in wild-type mice (23  7.1
pC, n  5) and was presumably due to Ca2 influx via
R-type channels other than Cav2.3.
The synaptic current that could be recorded in the
presence of channel toxins in wild-type mice was
strongly reduced by 100 M Ni2 (by 72%  8.6%, Fig-
ures 4E, 4F, and 4H, n  4), consistent with an involve-
ment of Cav2.3 subunits. This current was also sensitive
to activation of group II metabotropic glutamate recep-
tors by 3 M DCG-IV (inhibition by 80%  8.8%, n  3,
Figure 4H).
Figure 2. Fast Mossy Fiber Synaptic Transmission Is Not Affected Cav2.3 Ca2 Channels Underlie R-Type Channels
by Ni2 in Mossy Fiber Terminals
(A) Mossy fiber fEPSPs were stable during prolonged (30 min, hori- To analyze Ca2 channels mediating presynaptic Ca2
zontal bar) application of 100 M Ni2 (n  5). influx, we used Ca2 imaging of stimulus-evoked Ca2
(B) In contrast, 300M Co2 (horizontal bar) strongly inhibited mossy
transients in mossy fiber terminals. Mossy fiber termi-fiber fEPSPs (n  6).
nals were loaded with the low-affinity Ca2 indicator Mg-(C) Thirty minutes following induction of mossy fiber LTP, mossy
Green (Atluri and Regehr, 1996) and could be readilyfiber fEPSPs remained insensitive to application of 100 M Ni2 (n
6). Representative example traces at the time points indicated by visualized using confocal laser microscopy (Figure 5A,
the numbers are shown in the insets of (A) to (C). see Experimental Procedures). Ca2 signals in response
to single stimulations were well resolved in line scan
mode and consisted of a rapid increase and a sharp
peak followed by a slower decay (Figure 5B). The ampli-Taken together, these results suggest that Cav2.3
channels do not contribute to neurotransmitter release tude of these signals was not altered by application
of 4 mM kynurenic acid, indicating that they were notfollowing single stimulations (see Figure 2) or to plastic-
ity induced by low-frequency activation of mossy fiber contaminated by Ca2 influx through AMPA/kainate re-
ceptors (Figure 5C, n  5). The mossy fiber origin of thesynapses (see Figure 3). They are, however, important
for synaptic modifications induced by high-frequency Ca2 transients was verified by application of DCG-IV
(Kamiya et al., 1996). Application of 1 and 10 M DCG-tetanic stimulation, such as LTP or PTP (see Figure 1).
This finding suggests that a noteworthy fraction of Ca2 IV blocked the presynaptic Ca2 transient to 64%  1%
and 57%  1.9%, respectively (n  4 and 5), in agree-entering through Cav2.3 channels gains access to sites
relevant for modulation of release only during a rapid ment with findings by Vogt and Regehr (2001).
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Figure 3. Paired-Pulse Facilitation and Frequency Facilitation Do Not Require Cav2.3 Channels
(A) fEPSPs evoked by paired-pulse stimulation of mossy fibers (40 ms interpulse interval) in wild-type mice, following application of 100 M
Ni2 in wild-type mice, and in Cav2.3/ mice.
(B) Paired-pulse facilitation calculated as the amplitude ratio of the second to the first fEPSP in the different experimental groups (n  15, 7,
15, respectively).
(C) Frequency facilitation during 1 Hz stimulation (10 impulses). Mossy fiber fEPSPs exhibit marked facilitation in wild-type mice, following
application of 100 M Ni2 in wild-type mice and in Cav2.3/ mice.
(D) Facilitation during 1 Hz stimulation (thick bar, large symbols) expressed as percentage of fEPSP during baseline stimulation (0.033 Hz,
thin bar, small symbols). Symbols are defined as in (C) (n  15, 7, 14, respectively).
Brief tetanic stimulation at the frequency used to in- rized in Figure 5F). In summary, the Ca2 imaging data
reveal a substantial contribution of Ni2-sensitive Cav2.3duce mossy fiber LTP (20 impulses at 100 Hz) resulted
in a large, cumulative Ca2 increase in mossy fiber termi- subunits to presynaptic Ca2 transients.
Since synaptic transmission and plasticity induced bynals (10  1.0 
F/F (%), n  12, Figure 5D). In Cav2.3/
mice, blocking N- and P/Q-type channels with combined single or low-frequency stimuli is not Cav2.3 dependent,
we asked whether there might be a smaller contributionapplication of 	-conotoxin MVIIC (3 M), 	-conotoxin
GVIA (2 M), and 	-agatoxin IVa (500 nM) revealed a of R-type channels to Ca2 transients elicited by single
stimulations. Pharmacological isolation of the R-typesubstantial residual Ca2 influx that contributed 31% 
2% to the peak of the Ca2 transient induced by tetanic component as above yielded a fraction of 24%  1.6%
(n  11, Figure 5E, left panel, summarized in Figure 5F).stimulation (n  8, Figure 5D, leftmost and rightmost
panels, summarized in Figure 5F). This residual Ca2 This fraction is significantly smaller than that observed
during a tetanus (31%, see above, p  0.05). As ex-transient was inhibited by 100 M Ni2 and 500 nM SNX-
482 by 53%  3% (n  3) and by 54%  1% (n  5), pected, the R-type component induced by single stimuli
was significantly reduced in Cav2.3/ mice (5.8% 3%,respectively (Figure 5D, leftmost and rightmost panels,
summarized in Figure 5G). In Cav2.3/ mice, the ampli- n  4, Figure 5E, right panel, summarized in Figure 5F).
tude of the cumulative Ca2 increase was significantly
smaller (8.1  0.7 
F/F (%), n  4, p  0.05) compared In Mossy Fiber Terminals, Low Concentrations
of Ni2 Are Selective for Cav2.3 Channelsto wild-type mice. Furthermore, blockade of N- and P/Q-
type Ca2 channels nearly completely eliminated the The experiments above suggest that R-type channels
preferentially contribute to Ca2 influx during repetitiveCa2 transient (to 5%  2% of the peak transient in
control solution, n 4, Figure 5D, middle panel, summa- stimulation. Therefore, we next analyzed whether Ni2
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affects single and cumulative Ca2 transients differently. experiments (Mag-Fluo-4, KD  22 M). In wild-type
mice the individual Ca2 transients increased in ampli-100 M Ni2 reduced cumulative Ca2 transients to
tude during tetanic stimulation so that the ratio of the72%  2.3% (n  4, Figures 6A and 6C). In contrast,
20th to the 1st Ca2 transient reached 117%  6% (n Ni2 reduced single transients significantly less to only
5, Figure 7A, summarized in Figure 7C). On the contrary,79%  1.8% (Figures 6D and 6F, n  4, p  0.05).
in Cav2.3/mice, in which mossy fiber terminals containThe latter result is also noteworthy because the same
virtually exclusively N- and P/Q-type Ca2 channels (seeconcentration of Ni2 did not inhibit fast synaptic trans-
Figure 5), the individual Ca2 transients remained con-mission at all (cf. Figure 2A). Moreover, 300 M Co2
stant during the stimulation and showed no facilitationcaused a very similar reduction of presynaptic Ca2 as
(99%  3.4%, n  6, p  0.05, Figures 7B and 7C).100 M Ni2 (to 79%  2.3%, n  4, Figure 6G), but
An interesting mechanism that could explain why indi-very efficiently depressed fast synaptic transmission by
vidual Ca2 transients become larger during repetitive acti-50% (cf. Figure 2B). Hence, Ni2-sensitive Ca2 chan-
vation in wild-type but not Cav2.3/ mice could involvenels appear to couple far less effectively to fast transmit-
activation of presynaptic group II metabotropic glutamateter release than the other types of Ca2 channels present
receptors by glutamate released during tetanic stimulationin mossy fiber terminals.
(Scanziani et al., 1997). If metabotropic glutamate recep-Low concentrations of Ni2 have been suggested to
tors were to inhibit only N- and/or P/Q-type Ca2 channels,selectively block Cav2.3 Ca2 channels, while N- and
but not R-type channels, this would result in an apparentlyP/Q-type channels are much less sensitive (Zamponi
selective facilitation of R-type channels during tetanicet al., 1996). Indeed, Ni2 appears to block exclusively
stimulation. We have therefore tested whether DCG-IVCav2.3 subunits as it did not decrease the single (96%
inhibits R-type channels. We blocked N- and P/Q-type4.7%, n 5, Figures 6E and 6F) or the cumulative (97%
channels with preapplication (30 min) of 	-conotoxin1.6%, n  4, Figures 6B and 6C) Ca2 transient in
MVIIC (6 M), 	-conotoxin GVIA (4 M), and 	-agatoxinCav2.3/ mice.
IVa (1M), in addition to kynurenic acid (4 mM). Application
of 10 M DCG-IV inhibited the remaining Cav2.3-mediated
Presynaptic Cav2.3 Channels Lead to Facilitation Ca2 transients to 56%  2.9% (n  5, Figures 7D and
of Ca2 Influx during Tetanic Stimulation 7E), similarly to the inhibition of the total Ca2 transient
The results presented in Figures 5 and 6 suggest that (cf. Figure 5C). Activation of metabotropic glutamate re-
presynaptic Cav2.3 Ca2 channels may be preferentially ceptors during tetanic stimulation is therefore unlikely to
recruited by tetanic stimulation. First, when R-type cur- account for the differential facilitation of Ca2 transients
rents were pharmacologically isolated by blocking N- in wild-type and Cav2.3/ mice.
and P/Q-type channels, the contribution of R-type chan- All of our Ca2measurements so far represent aggregate
nels to the cumulative Ca2 transients elicited by tetanic responses from many presynaptic terminals. Therefore,
stimulation was higher than to Ca2 transients elicited the observed increase of Ca2 signals during the tetanus
by single stimulation. Second, Ni2 blocked the accumu- may reflect recruitment of additional boutons instead of
lation of Ca2 during tetanic stimulation more potently a true increase in transmembraneous Ca2 influx. To
than Ca2 transients elicited by single stimulation. To distinguish between these two possibilities, we have
directly assess facilitation of presynaptic Ca2 entry recorded tetanus-induced Ca2 transients in single
throughout tetanic stimulation, we aimed to compare mossy fiber boutons (Figure 8, Mag-Fluo-4), as these
the Ca2 influx following the first action potential to the signals are not confounded by the recruitment of addi-
influx following the 20th action potential. The 20th Ca2 tional fibers. Far away from the indicator loading site
transient was isolated by subtracting otherwise identical (700 m), single mossy fiber boutons were easily im-
traces obtained with only 19 stimuli. In order to achieve a aged (Figure 8A, left panel, see also Figure 1 in Regehr
better quantitative estimate of individual Ca2 increases and Tank, 1991). Selected boutons had a diameter of 2 to
superimposed on the large cumulative Ca2 transient, 5 m and were either a simple ovoid or a more complex
shape (Figure 8A) as described (see Henze et al., 2000,we have used a very low-affinity Ca2 indicator for these
Figure 4. Cav2.3 Ca2 Channels Mediate Neurotransmitter Release during High-Frequency Stimulation
(A and B) Single mossy fiber EPSCs are completely inhibited by combined application of the N- and P/Q-type Ca2 channels blockers
	-conotoxin MVIIC (3 M), 	-conotoxin GVIA (2 M), and 	-agatoxin IVa (500 nM), both in Cav2.3/ mice (n  4) (A) and in mice lacking
Cav2.3 subunits (n  5) (B, duration of toxin application indicated by horizontal bars). Before application of toxins, the charge transferred by
the EPSCs was 2.2  0.3 pC (n  4) in wild-type and 4.1  1.0 pC (n  5) in Cav2.3/ mice (integrating 100 ms following the stimulus).
(C) In the presence of Ca2 channel toxins, residual mossy fiber EPSCs are observed in Cav2.3/ mice (n  4) during a high-frequency tetanus
(20 impulses, 100 Hz, see uppermost trace in both panels).
(D) In contrast, mice lacking Cav2.3 subunits (n  5) do not show an appreciable inward current response to 20 stimulations (100 Hz). The
200 ms segment indicated by the range bar (C, and upper part of D) is shown on an expanded timescale. In slices from Cav2.3/ mice treated
with Ca2 channel blockers, more prolonged tetanic stimulation (100 impulses, 100 Hz) rescues a tonic inward current of low amplitude
(lowermost trace in D, same cell as in uppermost traces).
(E) Residual mossy fiber EPSCs evoked by a high-frequency tetanus (20 impulses, 100 Hz, see uppermost trace) recorded in the presence
of Ca2 channel toxins in Cav2.3/ mice are sensitive to 100 M Ni2.
(F) Time course of experiments exemplified in (E) (n  4).
(G) Synaptic charge transferred in Cav2.3/ and Cav2.3/ mice from the start of stimulation to 3 s after the first stimulation (20 stimuli at 100
Hz). The inward current induced by tetanic stimulation was virtually absent in Cav2.3/ mice.
(H) Reduction of the cumulative inward current by 100 M Ni2 (n  4) and 3 M DCG-IV (n  3).
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Figure 5. Presynaptic R-Type Currents Are Mediated by Cav2.3 Subunits and Are Sensitive to Ni2 and SNX-482
(A) Mossy fiber bundle filled with the low-affinity Ca2 indicator Mg-Green and visualized using confocal microscopy. SR, SL, and CA3 PC
indicate the stratum radiatum, stratum lucidum, and the CA3 pyramidal cell layer, respectively. Continuous white line indicates the position
at which line scans were obtained (see Experimental Procedures).
(B) Line scans obtained during triple stimulation of the mossy fiber bundle (white arrows, interpulse interval 40 ms). Increases in fluorescence
were calculated as averages across the line scan and are shown below. There was no decrease in the amplitude of the third compared to
the first Ca2 transient (104%  2.3%, n  6), indicating that the Ca2 indicator does not show saturation under these conditions.
(C) The amplitude of mossy fiber Ca2 transients was not altered by application of 4 mM kynurenate (n  5, empty bar) but strongly inhibited
by application of 10 M DCG-IV (filled bar).
(D) Tetanic stimulation (20 impulses at 100 Hz, see insets) resulted in a large, cumulative Ca2 increase in mossy fiber terminals in wild-type
mice (left panel). Combined application of 	-conotoxin MVIIC (3 M), 	-conotoxin GVIA (2 M), and 	-agatoxin IVa (500 nM) revealed a large
residual component in Cav2.3/ mice (trace b, leftmost panel) that was blocked by 500 nM SNX-482 (trace c, leftmost panel). The time course
of the experiment is shown in the rightmost panel (closed symbols). In Cav2.3/ mice, residual Ca2 transients following blockade of N- and
P/Q-type Ca2 channels were significantly smaller than that in wild-type mice (trace b, middle panel, and F for summary). The time course of
this experiment is shown in the rightmost panel (n  8, open symbols).
(E) Effects of combined application of 	-conotoxin MVIIC (3 M), 	-conotoxin GVIA (2 M), and 	-agatoxin IVa (500 nM) on Ca2 transients
induced by single stimulation in wild-type (n  11, left panel) and Cav2.3/ mice (n  4, right panel).
(F) Summary of the contribution of toxin-resistant R-type current expressed as percentage of the Ca2 transient under control conditions.
Note that the R-type component evoked by tetanic stimulation is significantly larger than the R-type component following single stimulation.
(G) Summary of the blocking effects of 500 nM SNX-482 (n  5) and 100 M Ni2 (n  3) on the Ca2 transient remaining after blocking N- and
P/Q-type Ca2 channels in wild-type mice.
for review). Single Ca2 transients displayed a similar lation strength and the signals were highly localized
(Figure 8A, rightmost panel). We used the same proce-time course as their aggregate counterparts recorded
with Mg-Green and Mag-Fluo-4. These responses ap- dure as above to compare the Ca2 influx during the
first action potential to the influx during the 20th actionpeared in an all-or-nothing fashion on increasing stimu-
Release-Incompetent Cav2.3 Channels Facilitate LTP
491
Figure 6. Presynaptic Cav2.3 Channels Are Selectively Blocked by Ni2
(A–C) 100 M Ni2 reduces the cumulative Ca2 transient in wild-type mice (A and C, closed symbols) but not in Cav2.3/ mice (B and C,
open symbols).
(D–F) Similarly, 100 M Ni2 reduces single Ca2 transients in wild-type mice (D and F, closed symbols) but not in Cav2.3/ mice (E and F,
open symbols).
(G) 300 M Co2 blocks Ca2 transients in wild-type mice to a similar degree as 100 M Ni2 (n  4).
potential (Figures 8B and 8C). The results were virtually transmission and accumulation of presynaptic Ca2 us-
ing both selective pharmacological blockers as well asidentical to those obtained from aggregate responses:
the ratio of the 20th to the 1st Ca2 transient in wild-type mice lacking Cav2.3 subunits. Our results demonstrate
that Cav2.3 subunits are the molecular correlate ofand Cav2.3/ mice was 116%  4.1% (n  10) and
98%  4.1% (n  5, p  0.05), respectively (Figure 8D). R-type currents in mossy fiber terminals and that they
are selectively blocked by 100 M Ni2.Hence, there is a true facilitation of transmembraneous
Ca2 entry during a tetanus, which is dependent on the Pharmacological inhibition and genetic ablation of
Cav2.3 function resulted in impaired LTP and reducedpresence of Cav2.3 channels.
PTP when elicited by brief trains of high-frequency stim-
ulation. Most likely, in the absence of the substantialDiscussion
(30%) Ca2 influx mediated by Cav2.3 channels, brief
tetani cause an insufficient elevation of presynaptic Ca2The present study addresses a fundamental question
in presynaptic function: can certain subtypes of presyn- to trigger full LTP and PTP. This idea is consistent with
the observation that LTP and PTP can be rescued byaptic Ca2 channels contribute selectively to the induc-
tion of synaptic plasticity but not to fast neurotransmitter more prolonged tetani. This finding clearly illustrates
that mossy fiber LTP and PTP can be induced followingrelease? Our results suggest that this is the case for
presynaptic R-type Ca2 currents mediated by Cav2.3 Ca2 entry via only N- and P/Q-type channels, provided
that the stimulation protocol is adequate to allow suffi-subunits.
We examined the role of these channels in synaptic cient Ca2 accumulation. Nevertheless, Cav2.3 channels
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Figure 7. Increase of Ca2 Influx during the Tetanus in Cav2.3/ but not Cav2.3/ Animals
(A and B) Example traces illustrating that responses obtained with 19 (dashed line) and 20 stimulations match well. The transient to the 20th
stimulation was isolated by subtracting the traces obtained with only 19 stimulations. The insets depict the superimposed isolated transients
to 1st and 20th stimulation. Transients in wild-type mice show facilitation, whereas the 20th transient in Cav2.3/ remains unchanged.
(C) Ratio of the amplitude of the 20th divided by the amplitude of 1st Ca2 transient (Cav2.3/, n  6; Cav2.3/, n  5).
(D) Inhibition by DCG-IV is similar between R-type and N- and P/Q-type channels (cf. Figure 4). R-type channels were isolated by application
of 	-conotoxin MVIIC (3 M), 	-conotoxin GVIA (2 M), 	-agatoxin IVa (500 nM), and Ca2 transients were evoked by 20 stimulations of mossy
fibers. Perfusion of 10 M DCG-IV inhibited transients to 56%  2.9% (n  5). Single transients are not resolved in the left panel because
laser power and line scan frequency were reduced to further improve long-term stability of the recordings.
are an important additional source of Ca2 influx that crometer range around the inner mouth of a Ca2 chan-
nel (Meinrenken et al., 2002; Naraghi and Neher, 1997;appears to boost the buildup of presynaptic bulk Ca2
and thereby extend the range of stimuli that induce LTP Simon and Llinas, 1985). Therefore, Ca2 ions entering
through a remote R-type channel will only minimallyand full PTP toward briefer patterns of presynaptic activ-
ity. In marked contrast to their role in LTP and PTP, increase the peak of the local Ca2 concentration at the
Ca2 sensor and consequently transmitter release.Cav2.3 channels clearly do not contribute to glutamate
release elicited by single action potentials. Thus, presyn- N- and P/Q-type Ca2 channels, on the other hand, are
thought to be closely associated with the Ca2-sensingaptic Cav2.3 channels are specialized to augment the
generation of mossy fiber LTP and PTP without affecting part of the release machinery, so that these channels
can trigger highly synchronous transmitter release. Ourthe low release probability of this synapse. Experiments
in cultured invertebrate sensory neurons have also experiments are consistent with this scenario. Inhibiting
Ca2 entry by 20% with Co2 (see Figure 6G), ahinted at a functional specialization of presynaptic dihy-
dropyridine-sensitive Ca2 channels, which do not ap- competitive Ca2 channel antagonist (Nachshen, 1984),
strongly reduced mossy fiber fEPSPs by 50% (seepear to contribute to neurotransmitter release elicited
by single action potentials, but do promote recovery Figure 2B). This is in good agreement with the reported
power law exponent of mossy fiber synapses (m 2.4 tofrom synaptic depression due to high-frequency stimu-
lation (Eliot et al., 1993). 3.6; Kamiya and Ozawa, 1999; Vogt and Regehr, 2001),
which predicts a reduction of fEPSPs to between 57%Why do presynaptic Cav2.3 Ca2 channels not partici-
pate in single action potential-induced transmitter re- and 43%. In marked contrast, reduction of Ca2 influx
by the same amount (20%) via specific inhibition oflease although they prominently contribute to the Ca2
transient, which is important for mossy fiber LTP and Cav2.3 channels (see Figure 6) did not affect synaptic
transmission (see Figure 2). Thus, Cav2.3 channels ap-PTP induction? The most straightforward interpretation
of our experiments is that Cav2.3 channels are located pear to contribute only negligibly to the highly localized
Ca2 signal triggering synchronous neurotransmitter re-more distantly from the release machinery than N- and
P/Q-type channels. Transmitter release induced by an lease. Nevertheless, if Cav2.3 channels are located in
mossy fiber terminals, then Ca2 ions entering throughaction potential requires high Ca2 concentrations 10
M (Augustine, 2001) that are attained only in the submi- these channels should in principle have access to the
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Figure 8. Facilitation of Transmembranous Ca2 Entry into Single Mossy Fiber Boutons during Tetanic Stimulation
(A) Confocal image (left) of a single mossy fiber bouton and the appendant axon (scale bar equals 2 m). Numbered lines indicate the locations
at which line scans were obtained. The middle panel depicts repetitive line scans (line 2 in left panel) obtained during triple stimulation (white
arrows, interpulse interval 40 ms). Note that a Ca2 signal is only seen in a small area corresponding to the bouton. Right: Ca2 transients
obtained at different spatial locations. Number 2 represents the main line scan (see location in left panel), of which a representative measurement
is illustrated in the middle panel. Only a subregion of 5 m in the middle of line scan 2 is responding (white in middle and right panels).
Also, when the focus was raised or lowered by 15 m (2  15 m), no response could be detected. The same was true when the line scan
was moved 3.5 m to the left (number 1 in left panel) or to the right (number 3 in left panel).
(B–D) Analysis of facilitation carried out as in Figures 7A–7C. Single boutons gave identical results compared to the aggregate responses:
the 20th Ca2 transient was facilitated in wild-type but not Cav2.3/ mice.
(D) Summary, ratio of the amplitude of the 20th divided by the amplitude of 1st Ca2 transient in both strains of mice.
Ca2 sensor and be able to trigger neurotransmitter re- bind to Cav2.1 and Cav2.2 but not Cav2.3 Ca2 channels
(Maximov et al., 1999). Thus, these data favor a tightlease, provided that enough Ca2 enters. Indeed, a high-
frequency series of action potentials (100 Hz, 20 stimuli) structural and functional coupling of N- and P/Q-type
Ca2 channels to the neurotransmitter release machin-caused a significant increase in presynaptic Ca2 via
Cav2.3 channels alone (in the presence of blockers of ery, whereas this may not be the case for Cav2.3
channels.N- and P/Q-type channels, Figure 5D), that was suffi-
ciently large to trigger neurotransmitter release (Figures It has to be noted that our results regarding the re-
quirement of Cav2.3 subunits for fast neurotransmission4C, 4E, and 4H). Taken together, these results are most
consistent with a localization of Cav2.3 channels remote are in contrast to a recent study claiming a pronounced
inhibition of mossy fiber synaptic transmission by lowfrom the release machinery.
An inhomogeneous distribution of presynaptic Ca2 concentrations of Ni2 (Gasparini et al., 2001). The rea-
sons for this discrepancy are at present unclear. Be-channels is also suggested by the selective binding of
some presynaptic Ca2 channels to proteins of the neu- cause this former study was performed on young rats
(P14–P19), whereas the recordings described here wererotransmitter release machinery (Bennett et al., 1992).
Both N- (Cav2.2) and P/Q-type (Cav2.1) Ca2 channels performed in adult mice, it could be that a developmental
change in coupling efficacy of R-type currents to thecontain a synaptic protein interaction (synprint) site that
is thought to mediate binding to key components in- release process as described at the Calyx of Held (Iwa-
saki et al., 2000) might account for the differing results.volved in synaptic vesicle docking and fusion such as
syntaxin or SNAP-25 (Rettig et al., 1996; Sheng et al., Our imaging experiments employing Ca2 channel
blockers suggested that Cav2.3 channels contribute1994, 1996; Yoshida et al., 1992). Similar binding sites
are not present in Cav2.3 channels including their splice more to the accumulation of presynaptic Ca2 during
tetanic stimulation than to a single transient. The mostvariants. Such a dichotomy is also observed for other
components of the synaptic junction complex, such as straightforward mechanism that can account for this
phenomenon is that Ca2 influx via Cav2.3 channels facil-the modular adaptor proteins Mint1 and CASK, which
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itates during the tetanic stimulation while the compound extends the range of stimuli that induce LTP toward
N-/P/Q-type current does not. This idea is also consis- brief patterns of presynaptic activity. Because Cav2.3
tent with our finding that Ca2 influx triggered by individ- channels develop a prominent facilitation within 20 ac-
ual action potentials is augmented during tetanic stimu- tion potentials, they are ideally suited to boost the
lation only in Cav2.3/ mice, but not in mice lacking buildup of presynaptic Ca2 during such activity. Fur-
Cav2.3/ channels. thermore, as Cav2.3 channels exclusively support accu-
Why might R-type channels facilitate while the com- mulation of Ca2 but not transmitter release, they are
pound N- and P/Q-type current does not? Action poten- able to contribute to LTP and PTP while maintaining the
tial broadening during tetanic stimulation, as described low basal release probability, which is a prerequisite
by Geiger and Jonas (2000), should not be a key factor for the enormous plasticity displayed by mossy fiber
in this dichotomy because this would most probably synapses.
result in a similar degree of facilitation for all types of
presynaptic Ca2 channels (Wheeler et al., 1996). Alter- Experimental Procedures
natively, the differential contribution of the various Ca2
Gene Inactivation of Cav2.3channel subtypes could be caused by different voltage-
The cacna1E gene was disrupted by deleting the region encodingand/or Ca2-dependent facilitation or inactivation of pre-
the first transmembrane segment of domain I (Pereverzev et al.,synaptic Ca2 current subtypes. Presynaptic Ca2 cur-
2002). The Cav2.3/ mice displayed normal sexual activity and re-rents in the Calyx of Held undergo facilitation during production, and they exhibited no obvious anatomical abnormali-
repetitive activation (Borst and Sakmann, 1998; Cuttle ties. Age-matched C57Bl/6 mice were used as control animals
et al., 1998), but this phenomenon has so far not been throughout the following experiments. Mice were housed under con-
ditions of constant temperature (22C–23C), with light from 7 a.m.ascribed to a specific presynaptic Ca2 channel subtype.
to 7 p.m. and access to food and water ad libitum in accordanceA facilitation of Cav2.3 channels provides the most
with institutional guidelines.parsimonious explanation for the increased contribution
of these channels to Ca2 influx during tetanic stimula-
Mossy Fiber fEPSP and EPSC Recordingtion, as well as for the augmentation of the 20th individual
Male wild-type mice and mice lacking Cav2.3 subunits were decapi-Ca2 transient in wild-type but not in Cav2.3/ mice.
tated under deep anesthesia. The brain was rapidly removed andWhile we favor this idea as the most likely scenario, there 300 or 400 m horizontal hippocampal slices were prepared with a
might be other factors contributing to the difference vibratome (Leica 1000S, Wetzlar, Germany). For fEPSP recordings,
between Cav2.3/ and Cav2.3/ mice. For instance, slices were transferred to an interface chamber and continuously
(1.8 ml/min) superfused with saline composed of (in mM): NaCl 125.0,presynaptic Ca2 accumulation in Cav2.3/ animals dur-
KCl 3.0, CaCl2 2.5, MgCl2 1.3, NaHCO3 26.0, D-glucose 13.0 (95%ing tetani is likely smaller, and this could affect facilita-
O2/5% CO2, 32C). Mossy fibers were stimulated with a monopolartion of N-/P/Q-type currents by a less effective recruit-
glass electrode in CA3 stratum lucidum. fEPSPs were recordedment of Ca2-dependent gating processes. In addition,
in stratum lucidum as well. Stimulation was carried out with an
there might be a lesser degree of endogenous Ca2 interstimulus interval of 40 ms delivered at 0.033 Hz. In all recordings
buffer saturation in Cav2.3/ mice (Jackson and Red- of mossy fiber responses, 25 M D-APV were added to the saline.
man, 2003). Nevertheless, regardless of the mechanism, The mossy fiber origin of fEPSPs was verified after each experiment
by application of the metabotropic glutamate receptor agonist DCG-the presence of presynaptic Cav2.3 channels appears
IV (3 M). DCG-IV 3 M failed to reduce associational-commissuralto enhance Ca2 accumulation during brief trains of pre-
synaptic transmission onto CA3 neurons (95  2.4 of control, n synaptic action potentials.
6; recording configuration, see below). Mossy fiber experimentsOur results are consistent with the large body of data
were included only if the inhibition produced by DCG-IV was75%.
supporting the idea that elevations of Ca2 in mossy Tetanization of mossy fibers was carried out at test stimulation
fiber terminals is necessary and sufficient for mossy intensity. The associational-commissural input into the CA3 region
fiber LTP induction under some conditions (i.e., Zalutsky was stimulated by placing both the stimulation electrode and the
recording electrode in the stratum radiatum and omitting D-APVand Nicoll, 1990). However, LTP induction mediated by
from the bath solution. The baseline stimulation strength was ad-postsynaptic Ca2 increases via activation of postsyn-
justed to elicit a fEPSP of about 50% of the maximal fEPSP ampli-aptic metabotropic glutamate receptors and release of
tude. LTP in the associational-commissural pathway was elicitedCa2 from intracellular stores has also been proposed by four consecutive tetani (0.5 s, 100 Hz each, 3 s apart) at twice
(Yeckel et al., 1999; but see Mellor and Nicoll, 2001). In the baseline stimulation intensity. Signals were filtered at 3 kHz
contrast to the Cav2.3-dependent protocol used in our and digitized with a sampling frequency of 20 kHz. The synaptic
present study, this postsynaptic mechanism required conductance was estimated by fitting a line to the initial slope of
the fEPSPs.either prolonged tetanization of mossy fibers or brief
For recordings of mossy fiber EPSCs, 300 m slices were trans-tetanization in conjunction with strong postsynaptic de-
ferred to the stage of an upright microscope and visualized usingpolarization. While the concept that presynaptic Ca2
infrared video microscopy and differential interference contrast op-
rises directly induce mossy fiber LTP allows the most tics (Nikon E600 FN). The above-mentioned saline was supple-
straightforward interpretation of our results, it is con- mented with 25 M picrotoxin and 500 M kynurenic acid. Fibers
ceivable that pharmacologic or genetic inhibition of were stimulated in stratum lucidum. Since it was a priori not known
Cav2.3 function causes decreased glutamate release how R-type channels couple to release, since DCG-IV washes out
slowly, and since there was no clear residual current in knockoutduring tetanization. This reduced release, in turn, might
mice after toxin application, DCG-IV could not be used to testlead to a diminished synaptic activation of postsynaptic
for mossy fiber origin at the beginning or the end of the experi-signaling cascades in CA3 neurons (Contractor et al.,
ment. Instead, mossy fiber origin was verified by frequency
2002; Yeckel et al., 1999). facilitation 300% (1 Hz, 10 pulses), which we showed in previous
In summary, what is the relevance of Cav2.3 channels experiments using fEPSPs to be unchanged in Cav2.3-deficient mice.
in mossy fiber LTP and PTP induction? Our experiments Patch electrodes (3–5 M) were filled with a solution containing (in
mM): potassium gluconate 125, MgCl2 2, Na2-ATP 2, ethyleneglycol-lead us to propose that the presence of Cav2.3 channels
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